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ABSTRACT 


MmemecOus- iC impedance of several Helmholtz rescnatcrs 
were measured using two different techniques. Tha first 
“technique employed the conventional Standing Wav 
method. The second was the Dual-Microphone Transfer Fu 
pod of J.Y. Chung and D. à. Blaser. Thie calculapility of 
the  frequercy dependent Helmholtz resonator “mp 
allowed the methods to be compared for both absolute 
racy and relative precision. The average relative precision 
for the SWT technique was 4.2% while the avsrage fo 


dual-microphone technique was 18.4%. 
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Acoustic impedance tubes h 
Em brain conplex accustic imp 
and phase information f 
ls. The techniques used wita the impe 
My 2nd Varied. This study involves t 
wemucsOphone “transfer function tec 

d Blaser [Ref. 1] and the standing wave tube (SWT) 
e to determine their absolute accuracy and relative 

。 This work was undertaken as a prelude to the 


n 
n of computer controlled impedar.c= measuremen: tech- 
O 


A. IMPEDANCE MEASUREMENT TECHNIQUES 


Many different impedance measurement techniques have 
been used over the years. Beransk (Ref. 2] divid2s ths 
different techniques into three general categories, Surface 
Methods, Transmission Line Methods and Comparison Methods. 
£5- study looked closely at only two of the techniques, 
however, scme of the other  methcds ara worth mentioning as 


background. 


0۰۹5 Lac 


ID 
pot 


Methods 


These methods ¿involve the measurement of the sound 

DE ar a pint on the surface of interest and the 
particle or volume velocity at the surface. COOK Ret. 3] 
did this using a short tube of a given radius and length and 
a clamp¢ed-edge diaphram. He was then able to calculate thes 
volume velocity and the average pressure over “he surface of 


the sample. Beranek [Ref. 4] presented a useful theory for 





27 na -he normal acoustic impedance of porzous m&-srialz 
E erus of their flew resistance, porosity and ertective 
dynamic mass of the enciosed qas. 

2. Transmission line Methods 


By far, the most popular methods of impedancs meas- 


ME WMErté fall into this categery. The standing wave tube and 
dual-microphone techniques in this study are includsd. They 
will be examined in detail later. Another technique involves 
the measurement of the pressure-frequerncy resonance curve 
and determining the curve width and resonant frequency. 
Harris (Ref. 5] (Ref. 6] discuss2s wo of these methods 


Which are closely related to each other. 
pma Tone additional method currently in use by 
the U.S.Navy for making acoustical neasurements deserves 


Memerconing. [| Ref. 7] This system is digital and is used for 


iMdaTwater acoustical msasurements from 1 Hz. сирр о 
Mecely 2 MHz. This digital measuring system employes a 
buffered video analog-to-digital convərcer and was primarily 


designed to perform acoustical measurements using the Prony 
Methed. { Ref. 81 ( Ref. 9] The system uses a stable signal 
MWN smpling source and 12-bit, 5 MHZ., analog-to-digital 
converter with a 4k buffer memory. A PDP-11/23 serves as a 
ccntrcller as well asa signal processor for averaging and 


amplitude and phase estimation. 


ce 


6 
la 


parison 


la 
in 


zhods 


c 


hese methods mainly invclve the use cf acoustical 
bridges or reliable acoustical standards. Staward first 
introduced (Ref. 10] the simplest and most rapid to use. 
Later rsfinements  £cllowed (Ref. 11] but suitable variable 
standards cf acoustical resistance and reactance were diffi- 
377 0 Obtain. The "use cf reliable acoustic standards, 


rigid wall and an eighth-wavelength tube, vas reported by 


10 





如 4 A y 一 av ya 2 
2204005000 136:-1 celcuis- 


Vi 


meets (Ref. 12] ir 1952. Howeve 


In chis study, the transmission lins method ana tne 
comparison method are combined by introducing a 
5.0", 50777 n0016Z resonator. This standard hes the 
advantage of having an sasily calculable raactan 
absolute to within one adjustable parameter. Thi 
is fixed by the Helmhoitz resonance £ 
easily measured to a high degree of preci 


accuracy. 


B. HISTORY OF DUAL-MICROPHONE MEASURING TECHNIQUES 


Clapp and Firestone [Ref. 13] first mentioned the use of 
two microphcnes in an article published in 1941. Tr nis 
article it was recognized that their equipment could be used 
to measure “he absorption coefficiant of materials. Later, 
dez [Ref. 14] published an article on Che acoustic watt- 
meter and its application for measuring absorption coeffi- 
rS. During this time the use J£ the acoustic wattmeter 


fcr impedance measurements was little used sinca the 


standing wave tube (SWT) technique was the most favored 
method. 


Im 1977 Seybert and Ross [Ref. 15] published an article 
which discussed an ¢xperimental tachnique using two micro- 
phones and random noise excitation. This technique used 
digitai methods and the autc- and cross-spectra to determine 
the normal complex reflection coefficiant cf a sample terni- 
Eng a tube. Finally, in 1980, ‘Chung and Blaser [Ref. 1] 
published their article discussing the transfer function 
£  niquc for measuring in-duct acoustic properties. This 
technique also used digital methods and the auto- and 
Cross-spectra to determine the normal complex ref 

O 


coefficient. However, the mathematics did not inv 


11 





matrix-inversion useä by Seybert and Ross and as a rssuit 
MEN onputation time as significantly reduced. 

27“ corone eC utilizing pure tone rather 
Meee random S2@xcitation and analog rather than digitali 
7 ing is described by Elliot. [Ref, 16] 


77 PURPCSE OF STUDY 


The above methods have b2#2n used to measure nunsrocus 
ND Tails of differing acoustic properties. However, th? 
properties of these materials vezə not known cr calculable 
to any reasonable accuracy. The aim of this study was to 
determine the absolute accuracy of tha dual-micrephone tech- 
nique and its relative precisicn compared to the SWT +ech- 
nique as a prelude to the development cf an impedance 
measurement apparatus for use in water. A Helkholtz reso- 


nator was used to acccmplish this conparison. 
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II. COMPARISON OF MEASUREMENT TECHNIQUES 

Previous studies of impedance measurement techniques 
involved the use of materials fer which the i 
not accuratsly known. This study deals with i 
urements using a Helmholtz resonator as a ca 
dard to determine the absolute accuracy 
precision of the two techniques. A Helmholtz resonato 
chosen because its various acoustical parameters could 
independent ly measured or calculated and then compared to 
the experimental results. 


A. THEORETICAL BACK GROUND 


The term "acoustic impedance" can have different mean- 
ë3 fo: different situations. It is necessary to define 
exactly the different impedances involved in this study. 
This is necessary to prevent confusion later when the rela- 
tionship between the different impedances is used to deter- 
mine the calculated acoustical proparties of a Helmhol+z 
resonator. Normally this is not necessary since the specific 
acoustic impedance and tha acoustic impedance differ by a 


@epstan= wich the dimensions of area. 


1. Specific Acoustic Impedance 


The specifi accustic impedance is defined as the 


Ç 
ratio of acoustic pressure in a medium *c the associated 


Eulerian particle speed. [ Ref. 17] 
Ls = p/u (2.1) 


The MKS unit of specific acoustic impedance is Pa-s/n. 
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The specific acoustic impedance of a medium is 2 


. ra = = Sess ey e rg m — سے‎ : 
|. 20Gb Diane Naves. Howe 2225 
En form 


ee "rt" is the specific acous:ti 


E 
specific acoustic reactance for the medium concerned. 
2. Acoustic Inosedance 


The acoustic impedance of a medium acting on 


LU 


Ece c£f arşəa "A" ss the ratio of the acoustic pressure at 


a 
Bie surface to the vcluma velocity 2t the surface [Ref. 17] 
Za, = p/U (223) 


where U = uA if u is normal to the surface of area "A". Tha 
MS unit of acoustic impedance is Pa-s/n?, which is also 
termed an acoustic chm. The acoustic impedance andi ےط‎ 
specific acoustic impedance are related at the surface of 


araa "A" by 


2. 7 7 (2.4) 


lw 
° 
= 
M 
Q 
3 
fu 
e 
Lie 
Q 
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pa 
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(p 
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IQ 
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The mechanical impedarce is the ratio of the driving 
C 


m 
force о the resultant particis spasd at the point where the 
1 


force is applisd [Ref. 


H 


22 F/u (2.5) 


The MKS unit of mechanical impedance is N-s/m, also referred 


to as a mechanical ohn. 


14 








sma, Qam ی م‎ m e 


A Heimhoitz resonator can be treated as a iuntre 
paramete > systen, The rasonator consists of a 755 a 
mi gd walls and a neck of length "L" and cross- 
EEcronal area "A" The acoustic pressure in the volume 
provides th2 lumped stiffnass "s" if the wavelength is much 
2 Dap the cube root oz the volume. The Zluld in the 


s the lumped mass as long aS the w 
much great ehan “üc Wengen of the neck. Finally, -he 


resistance is provided by the opening radiatin 


Q 
U) 
O 
G 
tj 
fd 

= 
人 
th 


the wavelength is much greater than the square roct of “he 
cross-sectional area of the neck. An additional resistance 
is introduced by visccus losses in the neck and irreversible 
Ems) conduction to th: volume boundzies if the compres- 
sion of the gas is adiabatic and the walls remain isoth- 
ermal. However, since these resistance sources are not 


easily calculated PO Mey eens termes 012 hey 


Le 


0) 


Eege edd Ths radiation resistance "R " can be calculated, 
however, its value is dependent upon the impedance of the 
medium which changes. To get the viscous loss resistance 
term the flow field in the neck is required. Therefore thess 
resistance terns are cf little use in this calculation. 

The fluid in the neck has an əffective mass given by 
(Ref. 17) 


m = oAL' | (2.5) 
Where "L' " is the effective length of the neck and is a 
2 on oz actual length "L" and tne neck radius "a" and 


MW WE lew fisld in the vicinity of the oriface. The effecti 


7 
mass is greater than the actual mass in the neck duz the 


radiation-mass loading at the ends generated by this 
extended flow field. The stiffness of the resonator is 
given by {Ref. 17] 

s z (oc”)(A”)/Y 27 
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2.۰ q?c - Hoimholtz resorator with a scund wave 
MED E ٭>‎ ء٥‎ E 11277(((:7 55) 1509 EON Cen 207 74: 
Ma dssplacemszz "x" 2f the fluid in the neck 301125 
meet. 17] 
d'x 2 Jwt 
-- ہے‎ + + = = . 


This differental equation is the same as that fer a driven 
oscillatcr and the mechanical impedance of the Helnholtz 


resonator can be expressed as [Ref. 17] 


where the mechanical reactance "X," is given by 


775 “on - Sh (2. 10) 
Since the rescnance occurs when Х,, = О, the resonant 


frequency ", " follows 


w, = syn (2.11) 


MEG squations (2.6) and (2.7) 


The final result obtained from cancelling terms is 


wW, = c ef ur (2. 12) 


It should be noted that nowherz in +he derivarion of 
equation (2.12) is any restriction placed on the physical 
arrangement of the Helmholtz resonator. Figure 2.1 shows the 
arrangement used for this study. As can be seen fron 
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equation (2.12) rd the @igure, the resonant frequency can 
٠۰٠۰۰٠ by Changing hə arsa of "nsck"(diametar D,), the 
uc oz the resonator (change depth h) ол the iengzh o£ 
کک‎ !reck" (aktcknes= ~). 
Recalling equation (2. 10) 
72 -— um - SA (2.319) 


 “-c-coring out "m" and using equation (2.11), the 


following result is obtained 
X = n(uy ~ YAN 
NEE = 27f the final form is obtained 
te 
A = 2 01 GE = EKE) 


where f is the frequency in hertz. For convenience we define 


ими f - 15/£ (2. 13) 
hat 
5 = 27mnX! (2. 14) 


e nov possible to darive the relationship 
£ Pcen the specific acoustic reactance "X " and "XA". Given 
Mec orator as shown in Figure 2.2, divided into sections 1 


and 2 as indicated and recalling equation 1) 


Zs = D,/u, ( 15) 


de 


ии спа u, represent the pressure and particle spesd, 
= 


E 
pspectively, in section 1. This is the specific acoustic 
m in section 1. 


inpedance of the mediu 
equation (2.5) 


Next using 
و‎ F, /U, (2.16) 


Bonwerting E, to a pressure at the boundary results in 
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EE ne Pressure and particles sosel, 
W Spec-ively, in section 2. A; iS the cross-secticnel arsa 
Ene resonator neck. Since ther2 is no physical boundary 
between sections 1 and 2, the pressures on both sides must 
be equal. 

P, = P =P 
Also, the volume velocities must be egual across the 
bouzdry. Therefore 

A, u, E A,u, 

u, = du, (2. 18) 


2506 nan Eguaeton (2.15) into equation (2. 17) 


and regrcuping the appropriate terms rasults in 
Pp r 
im L A (2. 19) 


ME u it can be seen that the quantity (p/u,) is just the 
/ ] 


specific accustic impedance and the result is 


£- E 条 5—— 


Since the impedances are composed of the resistive and reac- 
tive parts, the reactive portions vary in the same manner. 


Thezefore, 


As _ A (2.21) 
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"è 


72 a fron equatisn (2.14) that 


575 = 27:-28- 
x ya 


или ОЛ Be" noted that the two techniques in this 
25:57 orovide the values for specific acoustic inpedancs 
۳۰۰۰.۰. ۰ zec to the Ccharecteristic impedance "oc". Theretore 


the preceding squaticn becomes 


Xylec _ _Xs/eçs 
x 27M Yo 


” 


Mwe nally, substituting for "n" fron equation (2.6) and 


for "X,/XA " from equation (2.21) 


Xs/ec - ZAL A. - 
0 CA (2.22) 


As can be seen, this equation does not depend on 
frequency and therefore remains constant as frequency 
ис. For convenisrce this constant is called "Ky" with 
the subscript signifying the theoretical value for the ratio 


Beete Eft for a given Helmholtz resonator. 


W 2 77.4 A 
KA = Hus c (2.23) 
17757 0 ad o aR expressicn which 


contains only directly measurable terms with the exception 
of "L'", the effective length of th: neck. However, by using 
equation (2.12) "L!" can be determined from parameters which 
are measurabl2 by separate means. Las 1E. this chapter, 


İ — will be looked at more closely for comparison with the 
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calculated иә for Gener Helmholtz RESONE sor 


Senmeigurations. 


Peo LANDING WAVE TUEE TECHNIQUE (SET) 


The standing wave tube technique provides a convenient 
MAIDOTatory method for determining the absorption coefficient 
and specific acoustic impedance of materials. Pie sms. >od 
however, 15 somewhat tedious when a Large number oi sanpl 
is measured or measurements of a Single sample are required 


at a great nunber of frequencies. 
[5 Thecry 


The sample to be measured is placed at one end of 
the standing wave tube. At the other is mounted a loud- 
speaker. A microphcne probe is inserted threugh the loud- 
speaker end and is attached to a micrcphors car. he car 
moves such that the microphone probe is moved alcng th: axis 
c Che tube. 

A pur2 tone signal is reflected from “he sampla. The 
reflected wave interferes with the incident wave and a 
standing wave is established. hemmi rop pions probe and cac 
arzangement allovs fcr ths location and acoustic pressure of 
the nodss and anti-nodes to be measured. From the msasure- 
Ment of these amplitude and phase characteristics, calcula- 
70n of 255-0:.t10m”79cc-.ficiont and specifi acoustic 
impedance of a sample is possible. 

EON EGicrencs E, tha following are the equations 
needed for the determination oggi nc desired acoustic 
parametsrs. 


Ee (2. 24) 
” Tanh? P + Tan P, 


where 
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77 coth „Enss. ( 


7 
rain 
and 
LI 
7 r 1 - 2 -- (2.26) 
m UNE,  ,,| are the Beaximum and minimum pressures in the 
2— 0 wave tubs and "dt is Che distance to the first 
pressure minimum (node) from the sample. (NOTE: The micro- 
phone output voltage is the actual measuremen= made since 
ST Ths ratio cf the pressures is required) 


2. Equipment Sei-up 





Lundi: 2.3 3c a samplsifisd representation of the 
equipment used in the standing wave Tube technique. = 
includes the Bruel and Kjaer Standing Wave Apparatus Type 
4002, a HP 302A Wave Analyzer and an amplifier and frequency 
counter 


a. Bruel and Kjaer Typs 4002 Standing Wave 


Apparatus 


The apparatus is designed for easy and quick 
evaluation of acoustic materials by the standing wavs 
method. A major advantage is that relatively small circular 
samoles (10 cm. in diameter) are all that are required. 

The tube used had an interior diameter of 10 
20, whzch covered a frequency range of 90 to 1800 hz. The 
lower limit was set by the length of the tube ard the upper 
limit determined by the cut-off frequency for the lowest 
non-plane wavemode of the tube. (Ref. 18] Two samples 
holders were also used with fixed depths of 1 in. and 2 in., 
respectively. The bases £ the holders were very thick to 


present as rigid a termination as possible 
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Ing weve tube method. fi is isolated by slaszicoc 
Por S in the car to reduce “hke sfisczs £ external 
ESE DCTné noise and impact sound or vibration. 


b. Hawlatt-Packard HP 302A Wave Analyzer 


The Hewlett-Packard mod2l 302A wave analyzer is 
atunable voltmeter cf high sansitivity over the frequency 
Euge 20 Hz. to 50 kHz. The wavs analyzer in the BFO mcdé 
Of operaticn becomes an audic signal generator combined with 
a tuned voltmeter. Further, since the tuned voltmezer hesa 
very narrow pass band (6 Hz), noise and harmonics of the 


signal have very little effect on the voltmeter reading. 


Bee EXDeri mental Procedures 


The standing wave tube technique was used in several 
different experiments. It was used with a rigid end as the 
n 


sample to measure the "acoustic" еп3 22 che micropho 


t 
nı 
(0 
5 
3 
۴ 
m 
ct 
ка 
W 


tube and the sound speed. It was also used t 
r2sonan“ frequency and reactive impedance of three Helmholtz 
resonators. Table I shows the physical dimensions of each of 
the rescnators. 


an Data Collection 


In all of the experiments tne data was collected 
in the same manner. However, in the first experiment (rigid 
end) the only data collected was tha lecaticn of the fir 
two nodes and the frequency of the signal. Table II shows 
this data. 

For the experiments invoiving the Helmholtz 
resonators the values of the maximum and minimum microphone 
output voltages were obtained in addition to the frequency 


and node locations. This data was placed in Tables III-V 
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——A is ati SÈ anti nl it de w m. جم‎ 


Resonator Volmue eck Diameter Neck Length 
no, Cm. CU. CU. 
1 195. 52 25” 15: 
2 381.01 7 27 
3 195.52 3.46 1.00 


dumb omm 05005 ms im‏ ——— سے گا 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
- 


| 
| 
| 
| 


Di, Data Reduction 


In the first experinent, the measured distancs 
between the two nodes was used to calculate the wavelength. 
Brom this, the  quarter- wavelength was determined and 
Semeared to the distance from the sample to the first node 
as measured by the microphone car. Since the "sample" was a 
Tigid end located 5.00 cm. from the measured end of the 
tube, the two distances should have differed by 5 cn. 
Additionally, the wavelength and the frequency were ussd to 
calculate the sound speed in the tube for each frequency 
measured. These results are shown in Table II The average 
25:16 of " da" suggests that the "acoustic center" of the 
Beebe tube is 1.7 + .5 mm. ahead of the physical end of the 
probe tute over the frequency range examined. 

For the experiments involving the Helmholtz 
resonators, the reduction of the data was  somewha- 
efferent., The wavelength was determined by ona of two 


methods depending upon whether two node locations were 
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| 
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| 
| 
| 
| 
! 
| 
| 


| ] 
| ۱ 
TELE TI | 
| Standing ave Tube Sound Spesi Data i 
| i 
| | 
| Freq. First fin. Sec. Min. (AZ) ad с 
| Zio cm. CH. Cm. Cms CD, ZS, | 
| , 
| 299 25 0 81. 74 28.93 502 34588 | 
| 400 16.80 59.95 2756 4.78 34520 
| 600 5 38.33 14.40 4.82 34560 | 
| 800 2.96 27.5 10576 4.79 34512 | 
| 1001 3.84 21.03 8.60 4.76 34414 | 
۱ 10777 2.19 16. 91 1.5 2 6 55077: 
| 1402 1.40 13. 64 56.1 4.73 34321 | 
1599 D. ou 11.36 5.40 4.86 34602 
| average 4.87 34595 | 
| 
| deviatior . 150 277 | 
| De: CER. U08 0.80 | 
| | 
| 
| 


measurable. In those cases where two or more node locations 
were measurable, the distance between them was used to 
calculate the wavelength. At the lower frequencies where 
only one node was measurable, the wavelength was determined 
from the frequency and the averag2 sound speed found during 
the experiment. It should be noted that an attempt was made 
to use the location cf the measurable anti-node *c determine 


wavelength. However, this measurement was too inaccurate dus 


(D 


to the naturs of the waveform being measured. At th 
maximum, the values of amplitude are changing very slowly 
(second crder) so that the measurement of the exact location 
of the maximum was very difficult. On the other hand, at the 
nodes, the values were changing more rapidly (first order) 


and the location could be easily and precisely determined. 
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| | 
| TABLE V | 
i 
| Standing Wave Tube Measured Data - Resosator #3 | 
| | 
| Fred. Firs: din. sec. din. Ihird Min. Haxinun | 
| Hz. Cm. nv. cm. mv. cm. MV. mv. | 
| | 
| 200 1350 3.20 5150 | 
| 250 Slow. 29.5 5” ! 
| 300 ¿6 7055 2.90 8 85 2550 
350 2551752 70 1020150 0 655 
| 400 I842 10.0 61.49 9.40 178 | 
۱ 450 1027 1.52 Sü. 44 1.70 _ 26 | 
| 500 14.26 4.05 48 0 82 33+ 9 61 5 | 
| 550 11.10 5.40 1520770 73 (۶ 65.5 | 
| 600 QUIS 2702 7770021 0 66.69 01.70 20 | 
650 0.43 6.05 32.199682. 15 60.39 6. 10 46.2 | 
| 700 2777::00 28. 623595 52.90881 an 255: | 
| 750 2-29 2.90 20. 9000,55 47.49 2.64 (15. 4 | 
| 800 5007 2.95 480.001 4.25 62.37015 27 j 
850 100020. 10 3177060770 2 57.21 10 0. | 
| 900 15:10 25005 90 52.800322) 47.5 | 
1000 11:67 . 8 0 29.00 .90 IONS ce 22.5 | 
W 1250 0:20 “50 21.86 .45 26 2 24.6 | 
E “1500 OS oS 2 17. 96 1.40 23.419213 00.25 | 
کک‎ 8D لر‎ 


After the wavelength was determined, it was used 
to scale the distance to the first: node (Table VI). These 
values were plotted versus the frequency (Figures 2.4-2.6). 


The first two points above resonance were also plot*ed as 
57 - .5 (2227) 


A linear regression was then used with the two data points 
both above and below resonance to determine the resonant 
Epeguency "f ". The resonant frequency for each resonator 15 
aiso shown on Figures 2.4-2.6. 


Once the resonant frequency was obtained, "Хин" 
was calculated for each frequency using equation (2.13). "X, 
foc” was then calculated using equations (2.24-2.26). 


eee iy, ene of "Xo/ec" to "Xi" (Keyp) was calculated 


for ccmparison to the theoretical value (K.A) determined from 
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MEBLE VI 
Standing ave Tube 3⁄4 Data 


۱ 
| 

i $ 
| | 
1 | 
| 
| ced. Besonseo- Xi Resonazor #2 Resonator #3 | 
| Hz. d A 3⁄4 4⁄4 
| 200 224015 I 
| 250 . 2437 «2015 20:05 I 
۱ 300 22207: 2: —:: | 
| 350 .2134 Í 1028 22214 i 
| 375 |. 0397 | 
| 400 1934 ə 1683(-.0317) 221:8 | 
| 450 .1585 . 3865 )-. 11 35( 22115 | 
| 500 . 0954 . 3454 .2099 i 
5-0 4848 Be) 217: { 

| 600 . 3906 (=. 1094 . 1596 | 
| 650 . 3452 . 1192 | 
| 700 .3213 . 0880 Í 
| 720 ә 3094 ә 2943 0507 I 
| 800 .4404(-.0596 | 
| 850 .4039(-.0961 
| 900 257724 | 

1000 . 2802 . 2820 . 3382 

/ 11250 22724 . 2688 ә 2950 | 
| 1500 . 2706 275] ә 2844 | 
ee |. üO 


equation (2.23). Tables VII-IX list the experimental values 


277 cacn Helmholtz resonator. 
c r or Analysis 


Before an analysis or the errors could be 
25 .pted, it was necessary to idantify all of the sources 


25? he errors. The errors were a result of the measurements 


B— (Pi 3nd B. ), frequency and distances tc the 
nodes. 
Recalling equation (2.25) 
Y = ee (- Pasa. _ y (2.25) 


Рин 
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| I 
i i 
| TABLE VII | 
i 
| tanding Wave Tube Reduced Data - Resonator #1 | 
۱ 
| r= oes. T üz. | 
Frequency € X. Loc XÀ Koxp | 
Hz. CH, dE Pa-s/m si Xx 1073 | 
I 250 32050x - 7.39 -928.1 sur I 
| 350 34195 -4.15 -491.9 8.44 | 
| 490 34432 -2.63 -336.3 7- | 
| 450 34605 اس‎ - 204.5 “3 | 
| 500 34800 = 658 -39.05 7.39 I 
| 550 34430 . 0918 1770 6.48% | 
| 600 34560 .007 109.1 7.40 | 
| 650 34684 ısı. 196.9 7.36 
| 700 34636 2.07 279507 TI 
| 750 34425 2.85 3573 7218 | 
| 1000 34800 6.14 799575 1:0 | 
| 1250 34500 6.20 1014 6515 | 
| 1500 34650 7.70 130u 5 | 
| average 34560 average 7:57 | 
| deviation 174 deviation .39 | 
| per cent 75 per cent 20 . 
| * Values not usad for the calculation of tha average. | 
= M R x тг 
EN "be seen that for the values of "Ppa and "Pr," 
involved, SWR îs small and therefore, er error Lin the 
standing wave ratio (SWR = Cana ) has little effect on the 
Eve all calculations. 
Looking at equation (2.24) 
N dan al TAR ے۔‎ | 
BÈ " (2. 24) 
Tanh? P, + Tan Ye 
250 taking into account that 5 is small, equation (2. 24) 
then reduces to 
_ Xs_ = -Len Li —-— 
” Tan ج‎ T: 
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TABLE VIII 
Standing Wave Tube Reduced Data - Resonator #2 


saa Pod ana |‏ امیت کے 


*Values not used for the calculation of the average. 


I 

| 

| 
| = 337.8 HZ. | 
| Frequency c X, Lec XL herp | 
| Hz. G S: Pa-s/m 5-1 03 | 
l 
| 200 34 392% 75: -551.9 6.99 | 
| 250 344 30% -2.43 3 6 o j 
| 300 34542 -1.46 -201.3 155 | 
| 350 34447 -.563 77 7: 7.06 | 

| 475 250503" -.070 “20.04 695 
| 490 34296 7 24203 10. 7ux 

| 450 933516 ИДИ 115.8 6.43 | 
| 500 34620 1:55 17 7. 78 ۱ 
| 550 34557 22803 2775: 1252 I 
600 34398 2:5 349.4 6579 | 
| 650 34437 2180 418.6 069 | 
| 200 34503 35223 485.2 00 
| 750 34508 3572 509 5 6371 | 
| 1000 34560 5.49 849.6 6.46 | 
| 1250 3491 3 бәзи 1130 7500” | 
1500 34470 7. 1400 25775: | 
| average 34444 avera qa 6,94 | 
| deviation 314 deviation .41 | 
| pez cant 28:01 per cent 0و‎ | 
| | 
| | 
| | 
4 


57. 
Tot m vas COT од 


away from resonance. 

On the basis of this result, it was determined 
that the best data was obtained in the regions just away 
from resonance for the following reasons. First, since tan 
goes tc zero at resonance, "Ww" terms begin to dominate and 


the erzors in "Ul" become large when compared to "pW", 
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TABLE IX 
Standing Wave Tube Reduceä Data - Resonator #3 


En 3.0 HZ 


c X; Zes B K 


izi 
im 
im 
IQ 
la 

iD 
IQ 
ka 


*Values not used for the calculation of the average. 


I | 
d i 
| | 
i | 
| | 
| | 
| 

| | 
| | 
| 58 m. | 
| Bz. cT. ZS. Pa-s/m s71 x 1073 | 
d 200 -7.86 -2788 2291 | 
| 250 -6.93 -2140 274 | 
300 34650 =5 72 -1692 3. 38 | 

) 350 33999 -5. 03 -1357 227) | 
| 400 34456 - 4.09 - 1094 77: i 
| 450 3444 3 - 3.78 - 878 4.31 | 
| 500 33975 =3. 63 - 695 5. 22* | 
| 550 34419 -2.07 — 6 27: | 
| 600 34506 =1. 50 - 396 2.72 | 
| 650 35074 -.870 - 269 52.25 I 
| 700 34062 -.600 - 154 3290 | 
| 750 33900 = 3115 - 46.7 6.70* | 
890 34640 292 53 1 8.04 | 

| 850 34 76 5 .6 16 147 4.19 | 
| 900 34 55 1 1. 06 236 4.849 ) 
| 1000 34510 16 402 3.93 | 
| 1750 34325 3.97 712 5. 14 | 
1500 34440 4.69 1102 4. 26 | 

| 

| average 3445 1 average 3, 74 | 
| deviation 327 deviation 217 | 
| per cent 9ء‎ per cent 12.6 | 
| | 
| 

| | 
4 


55“ —  .——..-.,—.—,—.,—-—.,——-——-—.— 


Secondly, as the frequency gets further from resonance the 
2 Tent function gets larger and “he errors also get 
larger. It was for thes? reasons that some of the data in 
Tables VII-IX were deleted for the calculation of the 
averages. 

This completes the discussion cf the siandina 
wave tube technique. The final results will be examined 
later in this chapter along with those for the Chung-Blaser 
dual-microphone technique. One additional experimental 


technique needs addressing. The resonant frequency of each 
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Helmhcltz resonator was measured independently of si-her 
method. This was done using a signal generator and speaker 
S “ns resonatcrs. Using a small microphone in the 
NS O IS -o Getect rne or assure creng2S, the Signsai densr- 
ator was “uned to the fraquency which resulted in che 
greatest pressure in the resonators. These rescnant 
MESQUENCIES Ware 549.5 Hz. for resonator 1, 398.5 Hz. ‘for 
"7۰ت >ج ت5‎ 2 and 795.0 Hz. for Zasoniator 3. 


C. CHUNG-BLASER DUAL-MICROPHONE TECHNIQUE 


The dual-microphone technique developed by Chung and 
Blaser provides a quick method for measuring “he acoustic 
impedance and reflection coefficiant in the laboratory. 
However, as will be shown later, the technique suffers some 
degredation in accuracy compared with the results obtained 
by the SWT method. 


1. Theory 


Chung and Blaser have shown [Ref. 1] “nat tha 
25200 -c roflecticn ccəfficienes at the two microphone loca- 
tions can be expressed in terms of the transfer furcticrs of 


the incident and reflected waves. This expression is 


570 6 
AS) 275) (2.28) 
where R, (f) nca ea O ED conoleox reflection coeffi- 


cients evaluated at the first and second microphonə lcca- 
tions, Tespectively. Bf) nice) are he acoustic 
transfer functions associated with the incident and 
reflected wave components, respectively, evaluated at the 


two micrcphone locaticns. 
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For plane wave propagation (no mean ficu) and 
neglecting ити ayes Hitt) CAL D€ BDL 25 
“KS صر ر‎ aa 
M (f) a” (2. 23; 
and 
ks 
HE) - c" (2.1505 
where "k" is the wavenumber and "5" 25 the microphone 
spacing. 
Pep cation of Equation (2.28) roculuc i cha 
£ 


ECT Cn Coefficient "R" on the surfaca О 
E 


material not at a microphone location being expressed 


4 


kK, Hi 
alter = ---45-- 531 
where 
-¿kl 
HA = ات‎ | (2.32) 
and 
ا‎ = a (2533) 


57:70 is the distance from the first microphone “to the 
surface of the sample material. Using equations (2.31-2.33), 


7 reflection ccefficient at the sample is 
A 224/ 


where [ Ref. 1] 


WT A (2.35) 


7 . . che acoustic transfer function between microphones 


Mona 2 and H-(f) and H.(£) are the transfer functions o£ 
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2—- -cletionships izn equations (2.34) and (2.35), the 
Complex specific acoustic  inpedance can be determined ata 


Dance "I" from the first microphone [ Ref. 1] 


BE” ee SA) a LU cnn (2.37) 
ec Cos[k C125] - 44 cos kl) 


RAMO ANA dr + se ۔‎ иә, 
AE Cos'[kl12]-[2 ke CH, )eoski)[Los[kL1-S)]] 6 /А tost Ck) 


H,(f) can be expressed as 


Hİ) = ә (2.39) 


where C, and Q, are the real and mag na y parts Of che 
Cross-power spectrum of the signals a: microphones 1 and 2. 
Sy, (f) ls the auto-power spectrum of the signals at 
microphone 1. 

Finally, Seykert and Ross show (Ref. 15] that “h= 
phase change upon reflection is given by 


ØE) - | (2.40) 
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“a 
sy 
4 
ct 
mn 
O 

h 
(1 
3 
1 


ze Q,, aid C, are the imaginary and rea 
E 


de - < a - 2 a w me? de a a aa بوسر‎ 
SET INSECT TS TLC. tò reflected waves. 


come mb omg ےد‎ wg “up Joe Qa Q 


Figure 2.7 shows a simplificada diagram of the 
Chung-Blaser dual-microphone technique equipment s 
the center of the system are the Hewlett-Packard HP-85 


computez and HP-5420 Signal Analyzer Systen. 
a. The Hewlett-Packard HP-85 Computer 


39۶ ٠و 0ج5‎ >6 2 ii ə an 3 Dit micro srocessor 
which uses the BASIC computer languagz. It has 16K by*¢s of 
read/write memory cf which 14,579 bytes are available for 

E 


use by Che operator. The unit used in the study had its 


«tr 


2 


G 


memory expanded to 32K bytes by a memory module. The 
has a mass storage capability in tn2 form of a magnstic ta 
reader/recorder. It also includes a 127 millimeter diaaonal 
CK and white » electromaqnetic deflection CRT and a 32 
m c-əor per line thermal printer/plotter. TOSIN Oriat 
with other equipment, an I/O ROM and interface card were 


E to Provide HP-IE (IBEE-888) interface capability. 
57722 Hewlett-Packard HP-5429 Signal Analyzer 


The Hewlett-Packard HP-S420A Signal Analyzer 
provides digital time-domain and frequency-domain analysis 
of low frequency analog signals. The HP-5420A system 
includes the HP-5447B Digital Filter Module, HP-S4410A 
Analog =o Digital Converter, HP-5443A Keyboard and Control 
Module and the 5441A Display Moduls. The equipment used in 
this study also included an HP-10920A HP-IB interface acces- 
sory. This allowed its use with an HP-IB controller. It 
allowed the transfer of data and measurement set-up informa- 
tion to pass to and fron the controller and allowed the 


reception of remote ccntrol commands. Using tha controller, 
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the data was ood: fied; processed, saved and rəcalleđ 
Beniring in a high degr== cf flexibility. 
Mac He-o 4204 Sign 


G£ time-dcmain and frequen 
urements are done using e 
invclves filtering and sampling the input wa 
27 o oq inpu” is first riltered by a lcw-pass fi 
ид ~C an analog tec digital converter. Heres, the wavelorn 
is sampled which results in the conversi * 
557 in point in time) i 
These numbers are then fil 
= 


produce the various measur 
C. The Impedance Measurement Tube 


The tube used in this part CE the study «was a 
piece cf 3 inch inside diameter PVC pipe 12 inches long with 
a 3 inch loudspeaker mounted at one end. Two holes were 
Mwe led in the tube and fitted with 7/8 inch Tygon tubing to 
s h> two microphones. The first was located 11.42 cm. 
from the sample end (opposite the loudspeaker) and the 
second was located 4.59 cm. from tn2 first. The distances 
were measured to the center of the nicrophonss. 

The microphones used ware General Radio 1962 1/2 
inch electrat-condenser microphones. These microphonss havs 
a sensitivity level cf -40 dB re 1 v/Pa and have typically 
flat response curves from 20 Hz. out to 1800 Hz. which cover 
the frequercy range of the study. 


E Xperimental Procedures 


The dual-microphone technique was used to determine 
the resonant frequency and the reactive impedance of the 
Same three Helmholtz resonators used with the standing wave 
tube technique. A major difference between the two techni- 
ques made itself known almost immediately. The time to 
collect and reduce tke data was vastly different. 
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SE ee Calibration 


1 


The two microphons/prean 


"О 


be calibrated for phase and amplitude differen 
use for the actual measurements. Th? technig 
mi pra-c-:on was to place both microphones in id 
fields and record any frequency-dependen-* p 
7 .-ferences. This calibracion data was = 
Euer to condition the data prior to the caiculavicn of 
reactive impedance, phase angl2 and complex reflection coef- 
جج ےئ‎ In this manner, the effect of differences between 
the two microphone channels on the data was minimized. 
Peet aonelly, this method also allowed for imbalances in th 
Converter channels cf the Signal processor. 

The identical sound fields wer2 obtained by 


mounting the two microphones at the same radial position at 


the sample end of the tube. This was based on the assumptio 
Mite ths sound field is radially symmetric at frequencies 
below the sloshing mode. This frequency is giver by 
Mes. 18] 

f, = ac/d 241) 
Ene" s the solution to 

«Tr (ge) —0 (2. 42) 
2500 Ya" is the diameter of the tube. The sloshirq mode 
۳۰۰۰ ponde to lw" which is equal to .5861. This results in 
il Or frequency of 2650 Hz. Dic me calwbractsor program 


used is given in Appendix A. 
b. Vaiidation of Tube Performance 


5077760505 ına 61 70 nicr$Ophone channels, 
the microphcnes were placed in the normal positions in the 


wall of the tube and the proper opsration of the system was 
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Med. 4 8.03 inch long pi3ce of PVC pipe with th= sans 
ic V 


2 T provided with a rigid reilective end, was used a3 
a Sampie impedance. The expected results were a reflecilor 
Ee Ste or 1 and a known phase change equal to 


дд= = 2221 (2.83) 


The results are shown in Figures 2.8 and 2.9 Figurs 2.8 
Shows that the reflection coefficient is ap 


proximately T for 


ele 


2 uencies below 2.5 kHz. except at 1.5 kiz., 


= 
4) 
٢۲ 
iD 


phase goes through 0 degrees yielding an indet=rminancy 
EE discussed in section =.  wnich follows. Above 2.5 


kHz. non-plane wave modes degrade the results. The measure 


Pa Fn 


slope of tne phase shift versus  frsqusncy shown in Figure 
is -53 degrees + 1 degree. Using equation (2.481), this slope 
produces a sound speed of 356 + 1.34 m/sec, which is consis- 
2:0 siqnificantly higher than the average of the four 
2:65 obtained by trke SWT technique listed in Tables 
70 “IZ (c = 385.12 + .38 m/sec). 


c Peta Collection 


Each of the three Helmholtz resonators was 
placed at the sample end and the data collected. The data 
ma .bülateğ in Tables X-XII. The collection and recording 
of the date vas done completely by the computer and the 


Mog- am is given in Appendix B. 
6070030 duction 


After the raw data was collected the first step 
the Helmholtz 


was tc determine the resonant frequency of 
to be done in two 
p 


resonator. The data collected allows this 


(0 


different ways. Both were used. First, the specific reactive 


inpedance "X, /#2c" was plotted versus the frequency anda 
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E ey Since “hé react.ve Lmpedanc? of a rzesoné&tor scuxduiz 
2 iesonance. The graphs and resonant frequencies for 
each rescnator are shcwn in Figures 2.10-2.14 
The second method for determining the resonant 
freguency involved the use of the phass arqle between the 
inciden= and reflected waves. When the phase 
Moc ted versus frequency (Figures 2.15-2.19) 


chtained from the graph at the poiat where the p le 

was 180 degrees. Again a lin¢ar regression was use ith the 

2 points or either side of the 180 degree phase angle. 
e 


Figures 2.15-2.19 also show the frequency determined. The 
resonant frequency used in subsequent calculations was the 
average of the two frequencies determined from the two 
methods. The reproducibility of the results can be estimated 
20007 chs ra-i9 of the standard deviatior to the average for 
527528 Tour (two) separate measurements of “Һс resonant 
frequencies for rescnators 1 and 2, which were 0.5% and 
2.0%, respectively. 

Once the resonant frequency was determined, it 


was used along with equation (2. 13) 
E - E eg (2. 13) 


Ecbra-n "Xt". Using this along with the reactive impedances 
O 


Ratio b cc", the experimental value £ 


Ko 7 7 15502) 
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TABLE XII 


Dual-licropacne Measured Data - Resonator تع‎ 


ҹә تھے‎ amba sb G eee ¿m ee A an ہہ‎ ән ла анал - ed 


| 

| 

I 

| 

| Ereg. X; Zes Phase Angie 360 + ۹ Ang. 

| Ze Pa-s/a deg. deg. 

| 4 00 . 719 2 33221 

| 450 . 174 5-6 3656 | 

| 500 -. 039 - . 9 359. 1 | 
550 = 597 - 15.4 344.6 | 

| 600 -1.01 2ے‎ ٤ 330.6 | 
650 = 1. 06 - 34.6 22 | 

| 700 -.921 - 56.4 303.6 | 
150 -.834 - 69.4 290.6 | 

| 800 -.625 - 94.6 265.4 | 

| 850 -.380 -126.9 233 ٦ | 

| 900 -. 201 -159.7 209.3 | 
950 . 043 35 | 

| 1000 196 125522 | 

| 1050 7:5: 155.5 | 

58100 25.1 118.1 | 

| 1200 105 86.5 | 
1300 1. 34 7T0 | 

I 1400 T57 64.7 | 

| 1500 1. 69 6 l. 2 | 

| 
| | 
EE ہے ے‎ “ino enc EINE MEN pem qui GE ed mm E ap NNNM ap ep cR. auper ci 


was calculated for comparison with the theoretical value 
ebratrned from equation (2.23) 


B- TTY show tbe results for "Kap" Tor eack of the 


resonators tested. 
5 Error Analysıs 


The Chung-Blaser dual-nicrophone technique had 
some inherent errors built into it by virtue of the equip- 


Mént construction and mathematical techniques. First, “hə 
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TABLE XV 
Dual-Microphcne Reduced Data - Resonator 43 


k Values not used in the calculation of the average. 


| 
| 
t 
| | 
| | 
| Frequency iL Кар | 
| E 5-1 х 10-3 | 
| 
۱ 400 - 1844 57: | 
| 450 - 1545 „11% 1 
| 500 2 . ÜŞ” 
| 550 -105- 06% | 
i 600 - "595.9 1571-3 | 
| 650 750.9 14:5 | 
{ 700 =“ 82,2 1.58 | 
| 750 - 446.8 ۰ | 
| 800 O 1.94 | 
| 850 SO 1.84 | 
| 900 - 97.3 2:07 | 
1000 102.4 1.91 | 

| 1050 195. 2 1.97 
1120 2 20 2 0d | 
| 1200 452.0 25 | 
| 1300 609. 6 250 | 
| 1420 758.9 2507 | 
| 1500 901.6 1707 | 
| average 1.91 | 
| jeviation 223 | 
| per cent 12.0 | 
| | 
| | 
| 
4 


. 
| 
| 
| 
| 
| 
| 
, 
| 
| 
| 
| 


575: uüction of che tube limits the range of frequencies 
ovez which good data could be obtained. The diameter of the 
tube determined thes upper limit of measurable frequency. 
Since the tube was valid only for a plane wave, the frequen- 
cies measured had tc be below the cutoff frequency for the 
Bape. For the tube used in this study the cutoff frequency 
2 “poroxıinately 2600 Hz. The construction of the tube also 
limits the ffectiveness of measurements at the lower 
2... The critical parameter in this case is the 


Spacing tetween the micrcphones. For a given separaticn as 
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the wavelength gets longer (frequency lower), ٣ط‎ rk = 
Pees i: the oase and amplitudss at the two nicrornone 
E TIONS Decane small ard cha noise dominated. The low 


О b 5 
frequency limi“ for the tube was about 200 Hz. 
F ally “ene m 083-3 ٭ 01700 تت1‎ ESEUI éd in 
an indeterminacy in the STEEL O1. m EOSÉ ELC1EN" « 157 
cccurred when the phase angle was equal to zero. When this 


25 (red edquazcion (2.35) reduced ts 
R = 0/0 


Which is indeterminant. The result was that data cbteined 
for the frequencies about 50 Hz on either side of *he pcin* 


where the phase angle equalled zero was greatly in error. 


D. CCMPARISON OF THE TWO TECHNIQUES 


The “ҹс techniques were consistant with each other and 
with ths expected theoretical valuas. First, the techniques 
7 pe locked aż fcr comparison with the ths theoretical 


2 1105 and then for comparison with each other. 
1. Standing Wave Tubs 


Ergures 2e20-2.22 shòw the comparison of the experi- 
mental and -heoretical values for "X,/0c". Tha <hecretical 
values were obtained using "Ky," (eqn. 2.23) and the calcu- 
lated values for "Xt" (Tables VII-IX). These were tabulated 
in Tables VII-IX As can be seen in Figures 2.20-2.22 the 


values compare favorably with a divergence noted at th 


( 


(W 


higher frequencies away from resonance. This divergence wa 


(n 


2: .:ne4d4 in the error analysis in section B.3.c. 

Table XVI shcws the resonant frequency and both 
constants for each resonator, along with the resonant 
frequency determined by “hə independent method discussed in 


2 on B.3.c. 5-2::1:517 2177 770777 Dd RK were within 
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B caiculated error for each. The average per cent errcz 
Een the two values 202 "K " was found to be 4,13% fer 
the standing wave tuke technique. The average per cant error 
for the rescnant frequency wes founi tə be -2.23%. 
2. Chung-Bleser Dual-Microphons Technique 

71:66 7020 “2.27 show ¿he comparison of the experi- 
r and theoretical veiues for "X./0c"#, The Theoretical 
values were obtained in the sam manner as in the SWT tech- 
nique. The graphs shew a good agreement except at the lower 


and higher frequencies away frem resonance for reasons 
previously noted in secticn C.3.e. 

Table XVI shows the resonanc23 frequency and oth 
values Obtained for the  dual-microphone techrique. The 
Nimes determined for "K,," and "K, " do not in all cases 


overlap within the areas of uncértainty as was the cas 


0) 
x. 
i 4 
ct 
t 


the SWT technique. As a result, the average per cent error 
EDU /K) x 100 was found to be 18.4%. The average per 
cent error between the indəpendən-ly measurəd  resocnanc 
frequency an that measured by the dual-microphone method 
was found to be +11.4%. 


3. Standing Wave Tu 


la 
< 
(ñ 
° 

0 
E 
Im 
IH 


~Microphone 


The greatest discrepancy between the two methods was 
the measured resonant frequencies. The resonant frequency 
measured by the dual-microphone technique was always higher 
than the rescnant frequencies measured by the other two 
methods. The average error of +11.4% was significantly 
Jarger than the errcr for the standing wave tube method of 
z 237. 2۰۹۰۰۰٠۰ 6ء ۶<" 07ہ‎ 29012331345 of the constants 
for the dual-microphcne method produced larger discrepancies 
between the theoretical and experimental values. Finally, 
the calculated sound speed for tas dual-microphore method 


vas 3.2% higher than the SWT method which was in good 
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Figure 2.1 Helmholtz Resonator Physical Set-Up. 
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Figure 2.2 Theoretical Helmholtz Resonator Arrangenent. 
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necessarily the best availiable and the result was a deyursca- 
ti er ве итә 1 and Ren 7 md ess 5: de c 7—-- 
7 on? technique. This does not provide an 5۷ات‎ ٤ تناد‎ 


icant error in measured Helnkoltz frequency obtained by ths 
dual-microphone method. 


It .wculc appear that the SWT msthod was the more desir- 


O 
ci 


able based on accuracy and relative precision. This may 
be the case. When numerous samples were involved or 222 
results desired over a large frequency range, the SWT method 
became “edicus and cumbersome. It involved th: manual taking 
and reduction of data. The dual-microphons technique was a 
great deal faster and easier to use. The time to obtain the 
results for one sample over a frequency range of 200-1509 
Hz. vas approximately 20 minutes for the dual-nicrophcne 
Bchnique and 6 hours for the SWHT təchniqus. 

Thus when choosing which techniyus is more desirable for 
a given application, it must be decided whether speed or 
accuracy is more important. Тһе dsjradation in the accuracy 
and relative precision for the dual-microphone technique 
ight be considered minor in those applications where speed 


important. 
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£  — En DS FON IMPROTERENITS AND PURDETR STUDY 

While tha experiments conducted in this study were 
straightforward, several changes could be made to improve 
PON techniques. Ths biggest change would be to adapt the 
HB) cchnique for ccnputer control. This could be accon- 
plished using a servo-mechanism with a vorn-drive on the 
7 “ophone car. TTac nouceor could then automatically set 
the frequency, determine the maximum and minimum values and 
their locations and ccmpute the necessary information. This 
would greatly enhance the SWT technique. 

One improvement or change for the dual-nicrophone tech- 
nique that needs investigation is the use of a pure tone as 
tha signal instead of random noise. It would be possible to 
step through the frequencies desired. The use of a pure tone 
would allow the use cf es narrow band filter and could result 
2:5 ı:xedüction in the noise interference and would include a 
ussful redundancy as the wavelength and thus phase differed 


between the two microphones. 


Although here we only dealt with reactive impedance, it 
would also be possible to extract an absolute value of che 


O 


a» 


sə 


resistive component cf the Helmholtz resonator with only 


additional measurement. If the quality factor of the raso 
nator is measured and the absolute reactive impedance is 
known, zhe absoiute resistive impedance is fixed. This value 
can ther be compared with the impedance measurement. 
Finally, several chéng2s could be made “to adapt the 
dual-microphone technique for use in a water filled tube. 
First, the tube should be constructed with numerous hydro- 
phone locations so that the separation between hydrophones 
could be varied somewhat to optimize the data fcr a given 
frequency range. Additionally, the use of a bubble of known 
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1019 
1020 
1039 
1040 
1050 
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1079 
1080 
1090 
1100 
1110 
1120 
9 


1180 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 


1239 
1240 
1259 
1260 


tulle ID IV AA m oe ër 


MICROPHONE CALIBRATION PROGRAM. 


cpticn base 1 
Dock heade? 
Mao betas auto and cross 
‘cf 


1 address of 


nem "H"ULbcldis HP5420 data 


1 m 


a d do du 
spectrua data 


р) 
ct 
r 
pa 
bei 


ie cal Dra icn vector 

HP-5420 is 704 

SE W (2, 16) ,A(3,256) ,C(2,256) 

SM DU. TOU s'RS* 0 5-SPOLL (724) 0 waiz 500 Ə S#0 tnen 
1060 | 

! HP5420 test setup: 

1 60 


I channel 1 active 


t matrix 


stable averages 
! transfer function 

! randon signal 

! 1.6kHz bandwidth 

Oe AY CH 5S) Paez SG 


Qutput 704 SKV BW 0O CH O AC 


ORG" 


S=SPOLL (704) è wait 500 d if S#) then 1140 
if S#0 then 1140 

E cart data ccilection 

disp "press end line to continue" 9 input AS 
DU pit 701 "ST" 

S=SPOLL (704) dò wait 500 a if S#68 then 1190 
disp "press end line to continue" 9 input AS 


gosub 1330 d gosub 1600 


10:55 o data tale'CALDAT'" "£ nor present on current 
tape 

on error “goto 1290 a create "ZSALDAT",1,4096 
off error 0 assign+ 1 to "CALDAT' 

C (,) 


EE ESESE A data oa tape 


pun: 


I close file 
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1279 
1280 
1299 
1300 
(0+0 
1320 
130 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
14 10 
1420 
1430 
1440 
1450 
1460 
14 70 
1480 
1490 
1500 
15 10 
1520 
1830 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 


assigr# 1 to * 

EE e coa 10 data scored" 
GSE TENA program" 

clear 7 

stop 

ənd 


! collect data 


Eurer auto spectrumidaza to HPSS 


23:50: 704 ;"1 TC 1 FM 1 AU" 

S=SPOLL (704) a wait 500 d if S#4 then 1360 
2.٦٦0017704 ;$"SO1SA" 

S=SPOLL (708) Q3 wait 500 d if S#32 then 1380 


mom L=1 to 16 

317 :- 020 1666: in£ornacıon into matrix 4 
enter 704 ; W(1,I) 

next I 


Men ter data sn matrix A 


EOE = ito 256 a enter 704 ; A(1,1) 9 next I 
1 transfer cross spectrum data to HP85 

Sn pur 704 ; "RS" 

S=SFOLL (704) a wait 500 @ i£ S#32 then 1870 
Enit 704 CR" 

S=SPOLL (704) @ wait 500 @ if S#0 then 1490 
0 704 :"5015Д" 

S=SPOLL (704) Q valı 500 2 xf S$32 then 1510 
—-:-1::0 16 d enter 703 + W(2,1) 0 next I 
e IIS] to 256 

! enter real cross spectrum data to matrix 'A! 


enter 704 ; A(2,1) 

27:57 naqınacey cross spectrum data to matrix "A" 
enter 704 ; A(3,1) 

next I 

return 

! calculate calibration vector 


PEE Calculating" 
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1620 
1639 
1640 
1650 
1660 


Borsı-1 to 258 


C(t,i)=8 


(2, 


577: 


“иси LE ACE 


öz 





19 
20 
30 
40 
50 
60 
70 
80 
90 


100 
110 
120 
130 
140 


150 


160 
170 
130 
190 
200 
210 
220 
230 
240 


250 


3228401 


DU AL-HICROPHO NE COMPUTER PROGRAM 


taddress of HPS420 si 704, plottar is 705 


15257: vazczilables 


55777 nice TU OSD خ‎ 3 

1212.) 7170607506 EUU, real part 

150 CLOS Xmaginary pert 

Ga) cal DES (65YOCEOL, real. part 

1602,) calibration Vec:29:, imaginary part 

I RH Teal Dat O acoustical transfer function 
KOTE imaginary part of acoustical transfer 
function 

1! A1 )( EE snt 

! PRI () phase change 

t! R() impedance, real part 

t! M() impedance, imaginary Dart 


577) 06) 004 0 (0, 256). 5 1 (256) ,C (2,256), H (256), 
R (256) ,PHI (256) 


7-— TO EWwing a`r Constants and calculations arse in SI 


units 

T3=295.15 ! temperature 

G3=1.4 bes pecificgheat. ratio 
P3=101325 I air pressure 
R3=287.0537 EE 

C=SQR (G3*R3*T3) t speed of sound in air 
RO=P3/(R3*T3) ! air density 

KOC=RO*C 


assign# 1 to "CALDAT" 2 readf 1,1 , C(,) 

disp “enter number of materials to be measured";dinput 
I8 

EOE I9=1 o I8 ð print “we will now measure material +" 
; I9 
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280 


290 
300 
310 
320 
330 
340 
250 
360 


370 
380 
390 
400 


410 


420 
430 
440 
450 
460 
470 


480 
490 
500 
510 
520 
230 
540 


dy, press end lire 


e a. 
güpür 708 <"ES*" e S=SPOLL (704) è wait 590 @ if SRO 


(ә 
GH 
۱ 
ei 
TJ 
(3 
ct 


2٠٠.٠۱۱۱۱۱۱ 0۱۹۸ ۲ ٦۹تب جو‎ 2 SG 1.6 KV BW O CH O АС 
AC 10 RG" 
S=SPOLL (704) d wait 590 da L£ S#9 then 290 
25۰721157۳۳700 1 
S=SFOLL (704) d wait 500 @ if S#68 then 310 
disp "end data collection" 
outout TOU ¿"1 FM 1 TC 1 AU" 
S=SPOLL (708) ə wait 500 @ if S#4 then 340 
J=1 è gosub 530 
output 704 ;"RS" è S=SPOLL (704) @ wait 500 @ if S#0 
tren 360 
1ء‎ 7 ۳ 
S=SPOLL (704) A wait 500 d L£ S#0 then 380 
gosub 530 
2217500077 7017770170 6 DOLL (705) o wait 500 @ if S#0 
then 400 
asp e"@f£f to calculat! this will take several 
minutes" 
gosub 600 
disp "press end line to store impedance data on tape" 
Input Ab 
! the following statements save data on tape 
cueste "IMPDAT",256,24 
521701 Ee 256 9 F= (1-1) *D1 2 
бә E SRT) d ten 1 “о "ТИРРАТ2" 
EE collection tor set';I9 
next 19 
disp "end program" 
end 
155. o ccllection 
0+7+1 ۹ 
S=SPOLL (704) a wait 500 @ if S#32 then 540 
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550 


JI 


580 


590 
600 
610 
620 
630 
640 
650 
660 
670 


680 
690 
700 
710 
720 


730 
749 
750 
760 
770 


780 
790 
800 
810 


820 
830 


enter 704 : W d next I 


one T- a oriri 


75:-... 6.) deta transte:csd" a JeJ+i a return 
ASES 256.0 enter 704 . A(2,I) ® enter 704 ¢; A(3,1) 
127577 £ dD BENE Nceross-spectral data transferrsd"assturn 


Tr caleulate imredance 
q uüucalculatıng" 
2 l= to 256 
6—0:: 00.0 2.1) “C(Z2.İ1) 
TA= (A(2,1) *C (1,I)+A (3,1) *C (2,1))/C1 
A(3,1)=(A(3,1)*C(1,1)-A(2,1)*C(2,1))/C1 
A(2,1) =TA 
next I 
ML is the distance from the sample to the center of 
the farthest mic. 
! S is the spacing between the microphone centers 
! DI is the frequency spacing of the 5420 samples 
S=.0459 
L=.1142 9 D1=6.25 
15: culate trenSt]== tt impedance, reflection 
coefficient and phase change 
sor 6ءء‎ 
F= (1-1) *D1 
К= 2*р1*Р/С 
RH=A(2,I)/A(1,I) 3 TH=A(3,1)/A(1,1) 
AA=SIN (K*L) o BB=SIN(K*(L-S)) è CC=COS(K*L) a DD=COS 
(K* (L-S) ) 
IN1= BB-AA*RH dà RN1=AA*IH 
RDI=KA#CC-DD 2 ТО1=СС*1Н 
M2=RD1*RT1+TD1*TID1 
R(I),RZ2=(RNIFRDI+IN 1*1D1) /42 2 M(I) ,IZ=(IN1=RDT1T-RN1= 
ID) ZM 2 
RD= (RZ+1) /2 
10=12/2 Ә M=RD*RD+ID*ID 
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840 
350 
70 
880 
890 
900 
910 


920 
930 
940 


950 
960 
970 


980 
290 
1900 


1010 
02) 
1030 
1040 
1050 
1060 
1070 
1080 


1090 


1100 
1110 


1120 


BRHOs-(RD/H-1) ò IRHI=-(ID/M) 


ии +ن 07606 5ح‎ ۲۰5809۴۲58860 ۴ О PHI(i)--AINZ2 (IRHO,ARHO) 
cx: I 

"plo? results 

Io 105 2 lorg 5 a FO=500 a Fi=1600 

Y1=-10 ə Y2=10 a 511 


1 
đisp "resistance" 0 Le1 0 L$”“" BEST SEI VEN YD BSI 
IMPEDANCE" 

gosub 1070 à ££ Z1 then 


Ҹ1=-10 2 72=10 a S1=2 


disp "reactance @ I=2 d L$=" REACTIVE" 9 B3=" 
PE DANCE" 

gosub 1070 @ if Z1 then 1020 

Y1=0 @ Y2-1. 02 51=.2 

disp "reflection" à I=3 3 L=" REFLECTION" О B$=" 
COEFFICIENT” 

gosub 1070 a if ZI then 1020 

Y1=-130 da Y2=180 0 S1=45 

disp "phase angle" Y I=4 ð L=" PHASEU ð B$=" 


ANGLE (DEG)" 
gosub 1070 d 


Sp lovest Y" 


7۰۶ 1 0 
a  پ‎ Y 

2--١۷٦ 6568 Y'! sa input Y2 

dis ه+>+‎ ۹ | 
5571 goto 910,980,970,1000 


۲۰۰٦۶۴184 ط0>‎ ۶601835 


"increments of" 


disp "change paper and press end line";@input AS 
YO=(Y2-Y1)/7/25 è Y3=(Y12-Y1)/7*1.9 d Y4=(Y2-Y10/7*1.6 
Q Y5=Y1-Y3 Ә Y6=Y2+YH 

5:77 0 scal€ (F5), 1.l62ZF1I1,Y5,Y6 d xaxis Y1,F0,0, 
hib üyaxis Ü,Sİ,İTİ,Y2 

V S| 736 0 Y8=Y1-Y3/2 è ldic 0 

for X=0 to F1 step FO da move X,Y7 O label VALS 


(X/1000) d next X 


move .4*F1,Y8 à label "FREQUENCY-KHZ" 
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1130 


1149 


1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 


1230 
1240 


u 
a 


taa, 


OR 


2022060 dtep.3 


5457710 6 1 70, 1190, 1190, 1200 


FZ=R(L) 
P2=M(L) 
Р2=А1(1) 


Фијәс-с 1210 
D gotong 
Dee 1210 


F2=PHI (L) /PT1*180 
move F9,F2 Y F9=F9+3*D1 O imove 


idraw F1/250,0 3 idraw 0,-YO a idraw -(F1/250Q),) 


idraw 0,Y0 


next L 


uD lI TOE redrew, 0 to-^continus':g input 21 
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- (F1/500) , Y0/2 
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07 +9 7٥ 
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AE RA A AAA ا‎ | ^ 

digi P eod بجر نمی‎ wisi AAA PL RAI EW EZ e Kg e d'Ee Che A 
ә balia nədə TR A E d n “senk [ID I ROTEN, 
ni nt ohm uf Z es gege séng hel a an oui a ha بیع یا‎ YA ae RW RA ہب دم‎ y DAR PN 
Be E IT yi nel al. مب یں وہ2۵0‎ 0 dee A 0:0 CNA AS AAA 
و وای ا ب‎ ee A) ara EY a arr P tie 
AAA AA AAN O A LAR M E de CIV As 
Әф әкин кн EE АК ЈР СМ 
ды 6 AE Er ИРГ ҺР waya Key atar", mo WEM Fen o "kor. یر کے رر‎ CN: 
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ANN ARAN AAA КОР AR MÍA УН 
DANI AR A e A TEE T بی‎ TUE MITES $a 
رہ‎ a A DEIA RA MO A YO SPE AA 
icol A ə E E E ZE E Eé 
ERRE A eren سور رو ری رہ وک‎ OP LAR aia at OI d rs, 
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بر ا ںی ہے‎ ib iu e aki Aka Ek Yo KO (Ne EH 
وہ‎ mil ab es رو ا رورض نر ہیر رش نی ہت‎ RAE TS E ECH 
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ATAR TA ATI AA D? à an AE Sen 
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Pe PAP AAS FÈ OUÈ AAA W ae АР 1 1 РУН РС YPP R AAA ۹ 
REA وہ‎ əə ə ا ا تسا‎ AA Ata E ə LULU A 
en d lt eh EE E MN ZE Wi OTT EE W CECR? 
سر بی‎ A "Pm $o Pe ə POP 
A AS A ag EH DE CEET ETC YO $e ə 
ARAS IAEA ET ET A IN Te "TE TE OT" иус ITE 
Moe na m leet ER E EC E TN ma ин Paras et ә 
ə ə Sr a ə Dua a ی ری‎ PAE AP PWO = 
مر ا کر ہر رر از یل پر ہی ےی‎ AAA LIPS 1 AAA TEE TT Fre ^ 
MF. ur! uf owned Un mt eh o ər KAN MAL he AR OT DUAL o ا‎ AI E a e ۱ 
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ور کر اک ہر رر ویک تر سج‎ POS imas. «Mal UP ga ais AURA e AAA AS T es e, 
wider Cay) EE fa ТИЛ PTS "NET رر رر‎ ar ETAT PUT A wë D 
CM ORTH و ہجو‎ IU LI D E Im vM" Lm (e СИРР Ee 
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Aa‏ ا 
кә ра‏ 
d ҺАЛӘ ИЛ qu A b‏ 
KEN tat di Ayit E ua te əcəm es ` Ы DA N‏ 
Һәә Лә rd A RU Y A A‏ 
a ERS EEE TU a an‏ یا چو و NT‏ 
ARANA E mn E ien A‏ و ہس نس ¿PODIA‏ 
Ve e ECK GEN E əx Yè AAL un‏ 
PW LA‏ پر و یں Kn fi Aal fi‏ 
ə... un EE TL SO b‏ 
a a TEA da l. MON‏ ا ہے AA os‏ 
CRE A ARE E ла" 20.‏ 
ku un x...‏ بے بے پل نیدی رہد ہیی نے 
ee MILLS XN‏ وی ود بر A‏ 
کہ GC ae‏ سی Mad AC ML UL‏ 
bebe d Ee ue deet. KC‏ 
"ес‏ 































Lu 
یں‎ L YOU e 
باج‎ A REIR SELL t XT E ھب و‎ 
böl de TT NEE e Le CER e رت‎ LAJ na A WX ASUM RKT " پر جا‎ 
ایز ون شس یتیج رو رو ہی ريد یو ا‎ EI TU nə Ch h h "ЛАР 
more ate fai Mè kt Ya ka kota kota Mi TÈ LWE A ALIADA DA ا شر یو‎ a ç "Q çü 
5 O . N , [Fig a da Di تی شس نس میا ول میں رقف جات‎ a I . 
AGA ou x ہر ا پر ریس ریس نیو ٹپ‎ fa kota YÉ x 
ДА" ` 50002. 
Һә EE چہ‎ 098 eiua Poe q^ ۹4 
a hias. C OL. E uza 
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AL A a O و‎ 
UT PELLI o ə г NA 
ند‎ engt A Än WK EG KEN "رر یریت‎ ҺА РАМ" 
АР Рә Ара وہ میم رج‎ ۷ e TU AA RA A ZEN A DNK ET s «4 
Qha a I an de d ve fete ac ECK ech FERN Rn 
= AE AA L^ پا رر دہ‎ u A wann AS TE RT Lal 
بی کا ںیو ےا ید یں نے اج نہپ یں ہف‎ E EECH و ںہ یہ ہو ور ا ری روہ ہت و‎ T JA TTE E 
au ki, Sè kanada k ASS pu PER ز۱‎ WEG AH KEE KEE ERT e Pw 
A LO A E a БҸ “UL. 
بد ہا‎ C hit LKL bh A БУ АС FU En una un... 
ӱсјн kd... LL x اع ا مہ ایی ںہ‎ Ҹу 
edo سو نوز‎ Gole A ERI LETI UAL ML. 
E RA ne o ME EE e ka MAL MN. 
dax Ai Ra ən T LT tar re کو را یں ہیک رز ئا‎ 
Ach ap e E E E CC eebe? wv 
B! aan hy DO АР y BE رن‎ 
E EIA RA ARNO E INR YON ET EN ONSE? 
Lerdo dd TA Een ںہ‎ LIE Aen Go e bü. 
وت‎ AD Ac ell uh, LOR ۹ ا‎ ۵ A RE A KO 
کل رکٹ‎ X78 مو سا رو‎ ۹ HL یو‎ l Ke? 
ҺА da kta Dl E EC CC ای یوب کی وشن میا تن ہی وی‎ 
y lcd od lll e راقو فسوی اس موس یی عبت‎ CHR LLORET 
باج‎ SORTE RER a LS k a A RAI АНИ" 
ECK AEN NW ES N تی‎ ko akite et ak Ft bi ہو ور رو دی تو‎ A HK WH 
Warie M EE AO АС АБС I о 
bh Ste re Ei bh ILU keet DA d Ae) Da We ENK KN ИЛ РЕА, h ۱ 
ا شی زرل سس پش‎ id a NEE ANTE 5 
hä ke ہی وپ میں‎ kage ATA = Һи de LEI a a Ni یف‎ 
ہی نو سوج ند‎ vec یپ تید وم ہس و سے ً٘چھ بت کی سی ہیں دن یی‎ A وٹ ہر‎ 
rieti A Tr ATA ki YO SA At fe fe ROL ZAN kou pè ER vi A ا‎ A k Bi pi YÉ ce ka Fo ORÈ 
نہ یف ند‎ TRA A Xe hae zaya ری و پم‎ AR ps Kielech KA kòn kèt fe Mak, اس‎ E AM 
ad Ek A Si dy ik yi ayi, Afe EH KENE نی چا وو یں ہیا‎ DREH LICHT 
E ME AN eck e A A Lt Ti de E Vie e. ریت‎ XL... E" 
A iyan Sa ERA RL RAT KETTE TE 
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INC 27 e Ae e Sierck, B Y یر‎ CR d CAE i Za RD VM 
MEA AA ADAN RI AC NO ^ ایگ یا یا ا میں‎ sun A? YEE HE, 
CATAN e DE RI TR LOR E A Dio hd Va TE A ہا سیت‎ h kuk ای بد‎ a 
ode ta A ECK CH ARN سر رہ‎ #8 kb MCK La onun Ki Ki NON Kek À 
Һин تس انید ذاش ا ہے‎ EEE KA GUTE کہا مر یو پر بد نی ہاو راف ادا امو یلوب مس نت‎ U 
2 AE LILY AMI ET at RA al A A 
y ld e al dp یں ریا یو ریا یا اي‎ 7. МА UQI AA AAA rn rate oy 
ہیں‎ Setar rca tan aah RS RATT BRO AE E 
fei با‎ Lau LI AL EA RA AV ET RA O DARA Cer AC 
CN CNA ier KA A Ech? Wer Me AEN, 
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^ R g ri i Ze Acht, ریہ نر‎ i ا بس و ہیں سا و‎ 5 wy 
AREA ES] A ہو ارات‎ NA awa en x i Бул یں‎ "ung RAN 1 
H 






SIE TE NICO DM O tek w, Se te OM a aaa n Ye te NOUA Mk A Ta AM È IE 
a D سا راچا پا ری ایب‎ AS رو وی‎ A 
شس و ملیف‎ ҺАЛА Ан D E Bleech, و ہوا ای رس یمیا‎ ۷ h L 
M LE TET LE m M LEE AT E J^ A A O OKU A dl A de A A ə AA s “Z 
Ao da k ln EC ON A e و بی کا نوریب ا لااو‎ 
7 IAT ХАРА ۹ | را پروی کہ یں نہر یکیو پا وہ یں اسب‎ vn 
en Kay: PS TE TE on GLE 
کی ا یں سے‎ re (Ki Me t: kU KJ رہ نیا‎ EA E 
لاس سم کید‎ UL E ECA AL Ta bt e O SC ید پا‎ HER TR 
Shain لفن سج‎ Uh ae k Ya ik ki ay ko YA A Mad Q Ek et KE WAR CERO с / 
dëi و وا وا‎ PTA R E OE AO sə npn kel AAA 
Baton San So sth DD ES RN ENK dr dr یٹنا نی سن و ررش‎ KA EA 
be d da iy A کل اہو بط لم‎ LP K ا ا ںا بل بی کا‎ ANA RHR KES 
جو سس و گر مس‎ A ҝӧл. Coh ki MONA ee ke ا را ری ںا‎ OR 
SR EE A 
جا ہج‎ ki АН سا یر ہا زج ہے میں‎ 
جس‎ din وھ‎ T Ы GN مرا‎ NN EK 


d: s 
Ka DIAM REI x 












5 


vv > " k LA a. D L L - 
AUD bh da e AAA 2 ۹ $ D d 

КСС Ди 5 

(EK 
ASA A" 
VP رر ہو ز‎ 
: Ge 


De 










2 
3 








































Lal 


y 









